Abstract: This study describes a sensitive and accurate voltammetric method for determination of boron using metal nanoparticles/carbon nanotube modified electrodes. The oxidation peak of Alizarin Red S (ARS) at -0.59 V in the boron-ARS complex formed in ammonium/ammonia buffer solution (pH 8.5) was evaluated as a response. The electrode modification conditions and experimental parameters affecting the peak height were optimized. The characteristics of modified electrodes were investigated using cyclic voltammetry, electrochemical impedance spectroscopy, scanning electron microscope, energy dispersive X-ray spectroscopy, high resolution transmission electron microscopy, and X-ray photoelectron spectroscopy. The limits of detection (3s y/x ) and the analytical ranges for gold nanoparticles/carbon nanotube modified electrode (AuNP/CNT/GCE) and copper nanoparticles/carbon nanotube modified electrode (CuNP/CNT/GCE) for 40 s accumulation times were 55 µg L −1 and 83 µg L −1 and 182-1500 µg L −1 and 278-1000 µg L −1 , respectively.
Introduction
Boron and its compounds are prevalently found in nature and have been used in many fields such as glass, medicine, farm, cleaning, nuclear, and energy production industries due to their good features. Additionally, boric acid and sodium borate have been used in some eye drops due to effectiveness against fungal and bacterial infections. Boron is important for human health due to providing calcium, magnesium, and phosphorus regulation and it has a supporting effect for bone growth.
1 It is also very important and essential in tiny doses for growth in plants and animals. 2 Boron is mostly found as boric acid (H 3 BO 3 ) in acidic water samples and tetrahydroxymetaborate (B(OH) − 4 ) is the primary species at higher than pH 10. 3 The EPA 4 and WHO years. It is well known that boric acid and its pH-dependent species are not electroactive in the potential range of the working electrode. For this reason, an electroactive chemical reagent that is able to form a complex with boron has been generally used for voltammetric determination of boron. Voltammetric methods using a poly xylenol orange modified pencil graphite electrode, 1 pencil graphite electrode, 3 dropping mercury electrode, 6−9 hanging mercury electrode, 10−15 glassy carbon electrode, 16 and cobalt phthalocyanine modified carbon paste electrode 17 have been reported. The existing voltammetric methods for determination of boron including the used techniques and electrodes, media, and their limits of detection and analytical ranges were discussed and summarized in our previous studies. 1, 3 In particular, in methods in which solid working electrodes are used, the main problem is that the oxidation peaks of the free ligand and the ligand in the boron-ligand complex cannot be precisely separated from each other. This situation, which makes it difficult to accurately measure peak currents, is clearly observed in the existing studies. 1, 3, 16 Therefore, new electrode materials are needed to overcome this problem.
The aim of the present study was to develop an alternative voltammetric method using metal nanoparticles/carbon nanotube modified electrodes (MNP/CNT/GCEs) for determination of boron in real samples.
For this purpose, the oxidation peak of Alizarin Red S (ARS) in the boron-ARS complex formed in ammonium/ammonia buffer solution (pH 8.5) at MNP/CNT/GCEs was evaluated as a response. To our knowledge, this is the first time that MNP/CNT/GCEs are used for voltammetric determination of boron in real samples.
The parameters for preparation of modified electrodes such as concentration of gold and copper solutions, sulfuric acid concentration, cycle number, and scan rate were optimized. Additionally, chemical and instrumental parameters such as pH, type and concentration of supporting electrolyte, ARS concentration, ionic strength, interval time, step and pulse amplitude, pulse time, and accumulation potential and time were investigated. The method was applied to various water and eye drop samples. The results were compared with those obtained from the inductively coupled plasma-mass spectrometry (ICP-MS) method. Furthermore, a certified reference material (UME CRM 1201: Elements in Spring Water) was used for the accuracy check of the proposed method.
Results and discussion

Characterization of modified electrodes
Cyclic voltammetry (CV) was used for modification of the electrode with gold and copper nanoparticles. The expected anodic (at 1.12 V for gold, at 0.01 V and 0.38 V for copper) and cathodic (at 0.54 V for gold, at -0.07 V and -0.45 V for copper) peaks indicating the modification of the electrode were observed. The optimum conditions for gold modification were found to be 5 × 10 GCE showed the lowest peak current. Anodic and cathodic peaks increased regularly in the case of CNT/GCE, CuNP/CNT/GCE, and AuNP/CNT/GCE, respectively. These results also indicated that the electrodes were successfully modified.
For the further investigation, scanning electron microscope (SEM) images of CNT/GCE, CuNP/CNT/GCE, and AuNP/CNT/GCE were taken. CNTs are almost homogeneously distributed on the GCE (Figure 1 ). The H 2 SO 4 activated CNTs are formed as a network with various densities and contain some remaining impurities, shiny and sticky shapes from the activation procedure. On the other hand, the presence of copper and gold nanoparticles on the CNT/GCE is not clearly observed (not shown here), because the metal ion concentrations were used as dilute concentrations during the electrochemical deposition. Representative high resolution transmission electron microscopy (HRTEM) images of the copper and gold nanoparticles are fairly homogeneously distributed on the MWCNTs in Figure 3 . The cloudy and threaded structures show the CNTs as blackish-grayish and roughly spherical with some triangular-shaped, in diameters ranging from 8.57 to 28.48 nm for copper and in diameters ranging from 19.25 to 42.14 nm for gold nanoparticles on these structures. X-ray photoelectron spectroscopy (XPS) was used to evaluate the surface composition, chemical oxidation states, and electronic configuration of MWCNTs, Cu, and Au on modified electrode surfaces. For Figure 4A ′′ the Cu 2p 3/2 photoelectron peak was obtained, resolving it into three peaks. The binding energy of the highest intensities were observed at 932.48 eV and 952.68 eV, corresponding to metallic Cu or Cu 2 O. In addition, the Cu 2p 3/2 XPS spectra proved that the copper surface is covered mainly by cupric CuO, as indicated by the shake-up satellite structure, centered at a binding energy of 944.18 eV. Figure 4B ′′ shows the Au 4f spectrum resolved into two spin-orbit components (Au 4f 7/2 and 4f 5/2 ) on AuNP/CNT/GCE. As shown in Figure 4B ′′ , the Au 4f 7/2 and Au 4f 5/2 peaks formed at 84.08 and 87.71 eV, respectively, which are associated with metallic Au. Electrochemical impedance spectra were recorded in the frequency ranges from 0.25 Hz to 50000 Hz for bare GCE, CNT/GCE, CuNP/CNT/GCE, and Au/CNT/GCE in the presence of 5.0 mM
figure not shown here). All electrodes have almost semicircular and linear portions. The almost semicircle corresponds to the charge transfer process at high frequencies, whereas linear portions correspond to the diffusion process at low frequencies for GCE and modified electrodes. The diameter of the semicircle shows the magnitude of electron-transfer resistance at the electrode surface. The obtained electrochemical impedance spectroscopy (EIS) data were fitted with an equivalent R(RC) circuit, which consists of the ohmic resistance of the electrolyte solution ( R s ) , the double layer capacitance ( C dl ) , and electron-transfer resistance ( R ct ) , which represents the diffusion of ions from the bulk of the electrolyte to the interface. The R ct for the bare GCE was 669 Ω, which was higher than the R ct values obtained for CNT/GCE (29.03 Ω) . The R ct values of CuNP/CNT/GCE and Au/CNT/GCE were 13.64 and 8.52 Ω , respectively. These data indicated the excellent electroconductibility of CuNP/CNT/GCE and Au/CNT/GCE surfaces. The lowest R ct value for Au/CNT/GCE implies that the charge transfer process was relatively faster than those of the other electrodes used.
A B Figure 3 . HRTEM images of CuNP/CNT/GCE (A) and AuNP/CNT/GCE (B).
Voltammetric behavior of boron-ARS complex at the modified electrodes
The differential pulse (DP) voltammograms obtained for both AuNP/CNT/GCE and CuNP/CNT/GCE in the 
Optimization of the solution and instrumental parameters
Solution parameters such as pH, type and concentration of supporting electrolyte, ionic strength, and ARS concentration were optimized because they affect the boron-ARS complex formation and anodic oxidation of the complex. The pH effect was evaluated by recording DP voltammograms in the pH range of 6.5-9.0 with Phosphate buffer was used for the pH range between 6.5 and 8.0 and ammonium/ammonia buffer was used for pH between 8.5 and 9.0. No significant peak depending on boron concentration was observed at pH levels below 6.5. The plotted current-pH graph (not shown here) showed that the peak height conspicuously increased from pH 7.5 to 8.5 and then dramatically decreased. Therefore, the optimum pH value was chosen as 8.5. Afterwards, the concentration of the selected buffer solution was investigated in the range of 0.025-0.600 M. The peak height increased with increasing concentration of buffer solution and remained constant after 0.5 M.
The concentration of NH + 4 /NH 3 buffer was selected as 0.5 M. Additionally, the pH-peak potential curve was drawn and the slope of this curve was -56.184 mV. This value is very close to ±59 mV, which depicts that the electrode reaction is realized with equal numbers of protons and electrons.
The effect of ionic strength on anodic peak height of the B-ARS complex was also investigated. The results obtained showed that the peak height was slightly increased up to 0.1 M KCl and decreased considerably after 0.2 M KCl. Therefore, the optimal concentration of KCl was chosen as 0.1 M. The ARS concentration is important for formation of the B-ARS complex and it affects the peak height. DP voltammograms were recorded in various ARS concentrations to find out the effect of ARS concentration on peak height (conditions: 0.5 M NH Instrumental parameters such as interval time, step and pulse amplitude, pulse time, and accumulation potential and time were optimized as these parameters affect the anodic oxidation of the B-ARS complex.
Step amplitude and interval time, which determine the scan rate, were optimized as 1 mV and 0.275 s, respectively. Consequently, the scan rate was calculated as 3.6 mV s −1 . Pulse amplitude and pulse time, accumulation potential, and accumulation time were optimized as 70 mV, 0.05 s, -900 mV, and 40 s, respectively.
Validation and application of the proposed method to real samples
The voltammograms were recorded under the optimum conditions for both AuNP/CNT/GCE ( Figure 6A The method was applied to various water and eye drop samples. The results obtained are given in the Table. The recovery results changed between 97.2% and 103.5% for various water samples and eye drops for both modified electrodes. The results obtained from the developed method for the two modified electrodes were compared separately with those obtained from the ICP-MS method and no statistically significant difference between the methods was found at the 95% confidence level. One-way ANOVA test results (last column in the Table) showed that there was no significant difference between the means of the three methods at 95% confidence level since the obtained experimental F values were smaller than the critical F value.
Additionally, a certified reference material (UME CRM for CuNP/CNT/GCE. The results obtained were compared individually by using Student's t-test. The t-values calculated (1.62 for CuNP/CNT/GCE and 0.09 for AuNP/CNT/GCE) showed that there was no statistically significant difference between the means at 95% confidence level, indicating the good accuracy of the method (critical t value for N = 7 is 2.45).
Conclusions
A novel, sensitive, and accurate voltammetric method for determination of boron by using metal nanoparticle/carbon nanotube modified electrodes was described. The characterizations of the modified electrodes were made by CV, EIS, SEM, EDX, HRTEM, and XPS. MNP/CNT/GCEs were used for the first time for the voltammetric determination of boron. The peaks of the free ligand and boron-ligand complexes were well separated at both of the prepared electrodes. Compared with the CuNP/CNT/GCE, the AuNP/CNT/GCE has some advantages such as better repeatability, sensitivity, and wide analytical range. However, both modified electrodes illustrated good performance when studying samples containing 200 µg L −1 or more boron. The method can be recommended for determination of boron in tap water, drinking water, thermal water, and eye drop samples.
Experimental
Chemicals and equipment
Gold standard solution was obtained from Merck (for 1000 mg Au, HAuCl 4 .3H 2 O in 12.7% HCl, Titrisol Gold Standard). MWCNT was supplied from Sigma Aldrich (>99%, O. D. × length: 6-13 nm × 2.5-20 µm) and used for electrode preparation. Other chemicals were used as analytical reagent grade. Ultrapure water (18.2 M Ω) was obtained from an ELGA brand PureLab Flex 2 model water purification system and the water was used for preparation of all solutions. All solutions were stored in high density polyethylene (HDPE) bottles.
Voltammetric measurements were performed using a Metrohm Autolab PGSTAT 128N with FRA32M Impedance Module connected to a BASi C3 cell stand and controlled by a PC. A three-electrode system consisting of gold or copper nanoparticles modified glassy carbon electrodes (BASi MF-2012, 3.0 mm diam.) as working electrodes, Ag/AgCl/3 M NaCl (BASi MF-2052 RE-5B with flexible connector) as reference electrode, and coiled platinum wire electrode (BASi MW-1033 (23 cm) with gold plated connector) as auxiliary electrode was used. pH measurements were made using a Mettler Toledo SevenEasy pH meter with combined pH electrode with temperature probe (MT-InLab Expert Pro) and temperature-controlled circulating bath (Thermo Haake DC 10 K20) for stable and accurate readings. An ISOLAB 3 L Ultrasonic Bath was used to clean the coiled platinum wire electrode and GCE. .
